Dehardening (deacclimation) to water stress is an integral phase of desiccation tolerance (DT) in bryophytes. Shoots of the desert moss Syntrichia caninervis were harvested and dehardened after exposure to field CO 2 concentrations of 380 ppm (ambient) and 550 ppm (elevated). The dehardening period consists of three phases, with shoots from the first phase (3-7 d) the least able to recover from a rapid-drying event and the second (12-18 d) and third (21-27 d) phases characterized by shoots hardening to desiccation and approaching control levels. Response variables following this pattern include tissue chlorosis, protonemal emergence and area, shoot growth resumption, total regenerative shoot production, and probability of fungal attack. Dehydrin levels did not increase over time during the 27-d experimental hydrating period and thus could not account for the observed constitutive hardening to DT. This first experimental sequence on extended dehardening in bryophytes counters the assumption that field shoots hydrated longer than four consecutive days are entirely dehardened and provides evidence that mosses can harden to DT without relying on external cues such as partial hydration. We propose that the ''dehardening phase'' is a recovery phase during which plants are somewhat dehardened, and, following recovery, the plants enter a constitutive protective phase.
Introduction
Biological soil crusts (BSCs) are autotrophic communities consisting of cyanobacteria, mosses, lichens, algae, and fungi that can be the dominant cover of soil in desert and steppe habitats in the western United States. These soil surface communities positively influence soil fertility, soil stability, soil hydrology, and the establishment and growth of associated seed plant species (Belnap and Lange 2003; Pendleton et al. 2003) . In addition, the contributions of BSCs to the cycling of trace gases can be significant in regard to global budgets (Zaady et al. 2000) . Soil restoration of BSCs can be accomplished by raising mosses in the lab and transplanting them into the field (Xu et al. 2008 ). In the Mojave Desert, the moss genus Syntrichia is often a dominant bryophyte of the BSC (Bowker et al. 2000; Jones and Rosentreter 2006) .
Desiccation tolerance (DT; also desiccation tolerant) is defined as the ability to revive from the air-dried state (survive protoplasmic water losses of up to 80%-90%; Bewley 1979; Oliver et al. 2000) . Fully DT plants (e.g., Syntrichia species) can withstand a loss of protoplasmic water at any rate from their vegetative tissues and are restricted as far as is known to clades in the bryophytes, ferns, algae, and lichens (Oliver et al. 1998; Proctor 2003) . Survival of fully DT plants is understood with respect to two broad sets of processes, (i) the constitutive protection of cell integrity during drying that involves sugars and proteins coupled with (ii) a rehydration-induced repair mechanism (Bewley and Oliver 1992) . Although a positive C balance can be achieved within 1 h of rehydration (Tuba et al. 1996; Proctor and Pence 2002) , full recovery from a desiccation event to predesiccation levels of photosynthesis may take up to 48 h, which entails a return to normal conformation of organelles (Proctor et al. 2007a ) and reassembly of the cytoskeleton (Pressel et al. 2006) .
Hardening to stress tolerance normally requires a short-term thermal, desiccation, or salt treatment that results in reduced subsequent stress damage. In bryophytes, a low degree of thermal hardening (to wet heat tolerance) is possible (Weis et al. 1986; Meyer and Santarius 1998) . Hardening to DT by way of a slow or partial drying event is more effective in bryophytes and is reported for Rhytidiadelphus loreus (Dilks and Proctor 1976a) , Syntrichia ruralis (also known as Tortula ruralis; Schonbeck and Bewley 1981b) , Exormotheca holstii (Hellwege et al. 1994) , Atrichum androgynum (Beckett 1999), and Dumortiera hirsuta (Marschall and Beckett 2005) . Abscisic acid (ABA) can induce DT (or substitute for partial dehydration to harden plants in some species) in species of Atrichum, Dumortiera, Exormotheca, Funaria, Helicodontium, Riccia, and Physcomitrella (Werner et al. 1991; Hellwege et al. 1994; Pence 1998; Beckett 1999; Marschall and Beckett 2005; Oldenhof et al. 2006; Koster et al. 2010; Pressel and Duckett 2010) . Application of ABA results in hardening to DT in several species of bryophytes, and such effects may be widespread in bryophytes (Mayaba et al. 2001; Proctor et al. 2007b) , cautioning that while ABA may induce DT, not all bryophytes may utilize this hormone in nature and some species may yet be desiccation sensitive.
Dehardening refers to the loss or deacclimation of stress tolerance and is accompanied in many plants by declining levels of dehydrins (Arora et al. 2004; Kalberer et al. 2007 ). Dehydrins are proteins expressed after a plant is exposed to a stress having a dehydration component (including drought, desiccation, freezing, or salinity; Close et al. 1993) . They are suggested to play a role in stabilizing membranes and macromolecules (Campbell and Close 1997) . Two major dehydrins are produced by S. ruralis; these are present in the hydrated state and do not appear to be inducible (i.e., do not increase during rapid or slow drying; Bewley et al. 1993) . Of the few studies of thermal dehardening in bryophytes, heat-adapted shoots of Atrichum were 50% dehardened after 24 h and entirely dehardened after 3 d of continuous hydration (Meyer and Santarius 1998) . Lange (1955) determined that heat tolerance was progressively reduced by culturing in two species of mosses, indicating a dehardening to thermal tolerance in these species.
Studies assessing dehardening to DT in bryophytes are uncommon and seldom directly test the effects of dehardening. In the DT liverwort Exormotheca, thalli cultured several months (1 wk was insufficient to elicit dehardening) under continuous hydration became dehardened to DT (Hellwege et al. 1994) . In addition, when the liverworts Marchantia and Riccia were grown several months in culture and then exposed to fairly fast drying (3-4 h), no thalli survived, and limited survival was observed in the liverwort Plagiochila and the moss Helicodontium (Pence 1998). However, when the latter four species were pretreated with either ABA or sucrose before drying and in a dehardened state, survival improved dramatically, especially with sucrose. When fieldcollected shoots of A. androgynum were dehardened for 7 d following a partial-dry hardening treatment, Beckett (1999) found only a minor decline in DT as measured with K þ leakage, perhaps indicating that dehardening to DT takes longer than a week or that DT in this species is partially constitutive. In a detailed assessment of dehardening to DT in mosses, field-collected shoots of S. ruralis were dehardened over a 4-d period, exposed to a rapid-dry (RD) event, rehydrated, and examined for a variety of response variables (Schonbeck and Bewley 1981b) . This approach thus incorporated an RD treatment as a test for dehardening: the greater the damage on an RD treatment (detected on rehydration), the greater the degree of dehardening (later also incorporated for the protonema of the moss Funaria hygrometrica ½Werner et al. 1991 and the liverwort Exormotheca ½Hellwege et al. 1994). Schonbeck and Bewley (1981b) found that, on rehydration following an RD event in S. ruralis, (i) net photosynthesis declined progressively from day 0 to day 3 and (ii) chlorophyll content declined sharply on day 1 and remained essentially constant through day 4; the chlorophyll a : b ratio declined by 10% on day 2, by 16% on day 3, with no change on day 4; and dark respiration declined 52% by day 2, with a slight recovery on day 4. Perhaps the most significant findings of this study were the sharp and steady decline of net photosynthesis to near zero levels (compensation point) by day 3 with minimal recovery and the apparent steady state of dehardening achieved by day 4. The authors found clump-to-clump variation in the degree of dehardening experienced after 3 and 7 d (Schonbeck and Bewley 1981a) and reported that when shoots of S. ruralis were dehardened for 40 d in culture, the regenerant shoots tolerated a slowdry (SD) event and subsequent rehydration without exhibiting damage; the authors did not report on the effects of an RD event on shoots dehardened for 40 d (Schonbeck and Bewley 1981a, 1981b) .
Among bryophytes, 210 species among seven taxonomic classes are documented as desiccation tolerant (Wood 2007) . A useful distinction can be drawn between species of plants capable of surviving a rapid-desiccation (RD) event of <1 h versus plants capable of tolerating only a slow-desiccation (SD) event of ;6 h or longer, with the rate of desiccation (for S. ruralis) critical only between full turgor and the time at which the leaves fold against the stem (Schonbeck and Bewley 1981a) . The physiological recovery of mosses upon rehydration varies markedly depending on the speed of the prior drying event. In S. ruralis, plants that underwent an RD event compared with an SD event experienced a longer period of organelle swelling (16-20 h vs. 12 h), greater membrane solute leakage, slower protein synthetic rates, reduced net photosynthesis (57% vs. 20% reduction), reduced chlorophyll content, reduced shoot growth (86% vs. 31% 14 d after rehydration), and degreening of tissues (67% vs. 17% tissue degreening 14 d after rehydration; Schonbeck and Bewley 1981a, 1981b; Oliver 1991; Bewley 1995) .
Recent documentation of the high frequency of short wet and short dry periods experienced by bryophytes indicates that the ability to cope with ''frequent and rapid alternations between desiccation and hydration . . . should be a prime focus of research'' (Proctor 2004, p. 27 ). In the Mojave Desert, frequent RD events caused by very short rain events between dry periods were linked to widespread degreening (chlorosis) in patches of S. caninervis (Barker et al. 2005) . Given the physiological damage attending RD events and the characteristic short hydration intervals experienced by aridland mosses (Stark 2005) , it is instructive to examine the physiological responses of mosses to RD events immediately after rehydration and also after extended periods of hydration. To our knowledge, no study has investigated the dehardening effect beyond days 4-7 in bryophytes that can tolerate rapid drying, with the implicit assumption that it extends indefinitely until an external hardening event (partial desiccation) ends the dehardened state (Schonbeck and Bewley 1981b) .
In bryophytes, elevated CO 2 levels can lead to increased rates of photosynthesis and assimilation over the short term (Bazzaz et al. 1970; Proctor 1982; Silvola 1985) . However, over the longer term, acclimation to high CO 2 levels may include changes in photosynthetic pigment content (Csintalan et al. 2005; Coe et al. 2008 ) and rubisco activity (Wong 1979) , leading to a persistent reduction in photosynthetic capacity. Downregulation of photosynthesis over the long term (Jauhiainen et al. 1998; Tuba et al. 1999; Van Der Heijden 2000a; Ö tvö s and Tuba 2005) can have widely varying effects on plant height and biomass accumulation (Sonesson et al. 1996; Berendse et al. 2001; Heijmans et al. 2001; Mitchell et al. 2002 ) that may be species specific (Van Der Heijden et al. 2000b) .
Reproduction and stress tolerance in bryophytes are enhanced under elevated CO 2 conditions. Elevated CO 2 confers 334 greater heavy metal tolerance (Taká cs et al. 2004) , improved thermal tolerance (Coe et al. 2008) , enhanced photosynthesis during drying (Tuba et al. 1998) , greater tolerance of repeated cycles of desiccation (Brinda et al. 2011) , greater sex expression (Brinda et al. 2011) , larger capsules and spores (Baars and Edwards 2008) , and increased starch and sugar content (Csintalan et al. 1995 (Csintalan et al. , 1997 .
The principal question we pose is, What is the length of the dehardening period following desiccation in S. caninervis, and is it influenced by the CO 2 environment (elevated vs. ambient) of the plants? We propose two alternative hypotheses; (1) The dehardening period extends indefinitely beyond 3 d. This is consistent with previous studies that found plants to be partially to completely dehardened to stress after 2-4 d (Schonbeck and Bewley 1981b; Beckett 1999) . (2) The dehardening period is correlated to a repair phase of several days, after which plants gradually become constitutively hardened to desiccation stress without relying on partial dehydration events. In both cases, plants grown under elevated CO 2 should exhibit higher regenerational vigor following an RD event.
Methods

Experimental Field Site
The Nevada Desert FACE Facility (NDFF) is located in Frenchman Flat, Nye County, Nevada (lat. 36°499N, long. 115°559W; elevation, 970 m), ;100 km north of Las Vegas. Free-air carbon dioxide enrichment (FACE) describes experiments where large open-air vegetation plots are exposed to elevated CO 2 in situ. In order to minimize disturbance, the ambient wind currents surrounding the plots are analyzed in real time and used to carry CO 2 -enriched air across the plot. The CO 2 delivery system is terminated by upright PVC pipes surrounding the plots that are individually activated depending on the current wind direction. The NDFF plots consist of nine rings; three of the rings use FACE technology to raise the CO 2 concentration in the air above the plot to 550 ppm. The remaining six rings are two sets of controls under ambient CO 2 conditions. At the time of sampling, the plots had been continuously treated with elevated CO 2 for ;9 yr. The area surrounding the NDFF has been kept free of grazing and most other disturbances for at least 60 yr. Dominant seed plant vegetation consisted of Larrea tridentata, Ambrosia dumosa, and Lycium spp., whereas the dominant bryophyte present was Syntrichia caninervis (Jordan et al. 1999 ).
Patch Sampling and Shoot Selection
Sixteen patches of S. caninervis having a minimum diameter of 15 cm were randomly selected from four rings (two elevated CO 2 and two ambient CO 2 ), with the patches evenly split between the control and elevated CO 2 treatments. Approximately 10 shoots, centered on the patch, were collected from each patch, using forceps and taking care not to visibly alter or destroy the patch (an essentially nondestructive sampling was necessary in order to maintain the integrity of the long-term FACE experiment). All patches were desiccated at the time of collection (late spring).
Experimental Design
From each patch, a single shoot of S. caninervis was randomly assigned to each of 10 hydrating treatments (0, 3, 6, 9, 12, 15, 18, 21, 24, and 27 d) , distributed equally between the elevated and ambient field CO 2 treatments. This equated to 160 shoots (16 patches times 10 shoots per patch). Thus, the design is shown in table 1.
Hydrating Treatments
Each shoot was cut at the ground level and hydrated briefly (;5 min) in sterile water in order to measure the lengths of the aboveground shoot and the ''green zone'' (the distal portion of the shoot representing the last few years of growth; Stark et al. 1998) to the nearest 0.1 mm (to the laminal apex of the apical leaf exclusive of leaf awns) and determine the presence and number of inflorescences occurring along the entire shoot and those restricted to the green zone. Recognition of the green zone ( fig. 1A ) is assisted by (i) the presence of an enlarged bud at the base of the green zone, (ii) the tendency of the shoot to break naturally at this point, and (iii) the absence of scaly persistent leaf bases, rather than coloration (it occasionally is light brown). The green zone was then removed using a straight edge, and the shoots were blotted dry for 20 min, placed into micropackets of weighing paper (handling shoots by their leaf awns), and moved into an electronic desiccation cabinet (Totech Super Dry, Chicago) at a relative humidity (RH) of 11% and 22°C in the dark. After 3 d at 11% RH, green zones were weighed to the nearest 0.01 mg and stored in the lab (dark) at ;40% RH until the beginning of the experiment.
One shoot (green zone) was randomly assigned from each patch to each of the 10 hydrating treatments. Shoots were hydrated in a drop of sterile water under dimmed light for 10-20 s, planted upright in individual plastic petri dishes (35 mm i.d.) into a premoistened sand medium, and transferred to the growth chamber (Percival E30B, Perry, IA; set for a 12-h photoperiod, 20°C lighted and 8°C darkened, 65% RH, 30-130 mmol m À2 s
À1
; PAR sensor, LI-COR LI-250, Lincoln, NE). There was no pretreatment hydration period to remove field effects; the collection of dried plants in late The sand substrate was 4-5 mm in depth and had been collected from the NDFF study site, sieved through a 500-mm mesh, dry autoclaved for 60 min at 121°C, and apportioned into petri dishes. At the end of the hydrating period (coordinated to have all shoots dried on the same day), shoots were removed from petri dish cultures, placed in a drop of sterile water and rinsed of sand gently (up to six rinses), blotted dry for 20 min (air-dried on lab bench at RH ;30%), and then transferred to a micropacket of weighing paper and placed into the electronic desiccator (RH ;11%) for 2 wk. Shoots desiccated in <1 h, constituting a single RD cycle.
Regeneration and Response Variables
Desiccated shoots were hydrated in a drop of sterile water and planted upright into individual petri dishes in the growth chamber at settings given above. Every seventh day the petri dishes were randomly redistributed within the growth chamber and watered with sterile refrigerated water as needed to moisten the sand. On day 7, the degree of shoot burning (as a percentage of dead tissue) was recorded to the nearest 10%. Every 7 d, protonemal emergence (regeneration), regenerative shoot production, the viability of the apical meristem, production of basal buds (buds activated from the base of the shoot), and any fungal contamination were recorded. At the conclusion of the experiment (day 56), total shoot number was recorded and protonemal area determined (after petri dishes were unlidded and allowed to dry down over 48 h), using image analysis software (Spot, Diagnostic Instruments, Sterling Heights, MI).
Dehydrin Analyses
A separate set of 160 shoots (using the same sampling technique described above) was subjected to the same experimental hydrating conditions, except instead of regenerating the shoots, the dried shoots were frozen in liquid nitrogen for protein extraction. Two ramet samples, four replicate samples per treatment, were ground to a fine powder in liquid nitrogen, and proteins were extracted in 300 mL of ethanol containing 0.07% w/v beta-mercaptoethanol and 10% w/v trichloroacetic acid (TCA), according to the protocol described by Cove et al. (2009) . The protein content of each sample was determined by the Bradford microassay as described by the manufacturer (Bio-Rad Life Science, Hercules, CA). Fifty nanograms of total protein was loaded onto nitrocellulose (Amersham HyBond Nþ membrane, Fisher Scientific, Pittsburgh, PA), using a Bio-Dot Apparatus as described by the manufacturer (Bio-Rad Life Science). A positive control series of boiled Syntrichia ruralis protein in aliquots ranging from 10 to 240 ng in 10-ng increments and a negative control of 100 ng E. coli total protein were also loaded on each blot. The nitrocellulose was blocked using a solution of 5% nonfat powdered milk in TBST (0.2 M NaCl, 0.1 M Tris HCl pH 7.5, 0.05% Tween 20) under agitation for 3 h. A 1 : 400 dilution of antidehydrin antibody (Enzo Life Sciences, Farmingdale, NY) in TBST Blocking solution was bound to the blot overnight on a rocker. The blot was washed three times with TBST, and the secondary antibody, HRP-conjugated antirabbit (Bio-Rad Life Science), was bound to the blot for 3 h at a dilution of 1 : 50,000 in TBST. The blot was washed three times with TBST, followed by once with TBS (0.2 M NaCl, 0.1 M Tris HCl pH 7.5). The antibody/secondary antibody complex was then detected using the Supersignal West Pico chemiluminescent kit (Thermo Scientific, Waltham, MA) and developed on Blue Devil film (Genesee Scientific, San Diego, CA). The images were analyzed using ImageJ software (National Institutes of Health) for a semiquantitative measurement of chemiluminescence as compared with the S. ruralis dehydrin positive control series. Western blot analysis of S. caninervis proteins was performed on complete protein extracts of ramets following separation in 12%-20% SDA-polyacrylamide gels via electrophoresis, using the protocol described by O'Mahony and Oliver (1999) , with the exception of the nitrocellulose source, which was as described for the dot blot analysis. The antibody binding, secondary antibody exposure, and detection protocols were as described for the dot blot analysis.
Statistics
Box-Cox transformations (Box and Cox 1964) of biomass and length data were necessary to satisfy assumptions of normality. CO 2 effects on length and biomass were assessed using linear mixed effects models (Pinheiro and Bates 2000) . Generalized linear models (GLMs) with binomial errors (logistic regression; Kutner et al. 2004 ) were used to determine whether the CO 2 treatments affected the likelihood of sexual expression and whether both the field and laboratory treatments affected the likelihood of apical survival as well as the appearance of the protonema, basal buds, or fungi. Treatment effects on emergence times of fungi, protonema, and basal buds were examined via Cox proportional hazards regression models (Therneau and Grambsch 2000) . A negative binomial GLM (Venables and Ripley 2002) was used to test for treatment effects on final shoot counts. Due to the inherent censoring in proportion data, tobit regression models (Tobin 1958) were used to test for treatment effects on shoot burning. Tobit regression was also used to analyze the leftcensored protonemal area data. Multiple comparisons with Tukey contrasts were used to compare effects across dehardening treatments. Dehydrin content with varying dehardening times was analyzed by standard linear regression. All analyses were performed using the R software package (ver. 2.9.2; R Development Core Team 2009). Some R functions were performed using additional packages, including nlme (Pinheiro et al. 2009 ) for mixed effects models, survival (Therneau and Lumley 2009) for Cox regression models, MASS (Venables and Ripley 2002) for the negative binomial model and Box-Cox transformations, multcomp (Hothorn et al. 2008 ) for multiple comparisons, and AER (Kleiber and Zeileis 2008) for tobit models.
Results
Initial Shoot Length, Biomass, Sex Expression, and Fungal Attack CO 2 treatment had no effect on aboveground shoot length of Syntrichia caninervis, although a tendency for ambient shoots to be longer was present (t ¼ 1:43, df ¼ 14, P ¼ 0:175; fig. 2 ). Similarly, no differences in green zone length (t ¼ À0:536, df ¼ 14, P ¼ 0:601) or green zone biomass (t ¼ 0:189, df ¼ 14, P ¼ 0:853) were detected between CO 2 treatments ( fig. 2 ). Both CO 2 treatment (z ¼ 2:22, df ¼ 157, P ¼ 0:026) and green zone biomass (z ¼ À3:27, df ¼ 157, P ¼ 0:001) had significant effects on sex expression, with sex expression greater under elevated CO 2 and when green zone biomass was greater. Both CO 2 (P < 0:01) and hydrating treatment (P < 0:001) had significant effects on fungal presence and time to fungal appearance, including a significant interaction effect (P ¼ 0:016). Fungal presence was significantly reduced and also delayed in the CO 2 and hydrating treatments (figs. 1E, 3).
Shoot Burning and Regeneration
Shoot burning ( fig. 1C, 1D ), an estimate of dead tissue appearing by day 7 following the hydrating period and the single RD cycle, was significantly affected by hydrating treatment (P < 0:001). Control plants had significantly less shoot burning than did shoots hydrated for periods of 3-18 d (P < 0:01) but were not different from the shoots in the longer treatments of 21-27 d; shoot burning was low in the controls (10%), rising abruptly in the 3-9-d hydrating treatment (72%) and then falling abruptly in the longer hydrating treatments (fig. 4 ). CO 2 treatment had no effect on shoot burning (P > 0:4). Biomass (P < 0:001) and hydrating treatment (P ¼ 0:043) had significant effects on final protonemal area, but CO 2 treatment did not (P > 0:5). Control plants had significantly greater final pro- tonemal area than did any of the hydrating treatments (P < 0:001). The hydrating treatments had a significant positive effect on survival of the shoot apex (P < 0:001); CO 2 treatment had no effect on apical survival (P > 0:5). After 3-9 d of hydration (dehardening), half of the shoots had nonviable apical meristems relative to the controls ( fig. 1A) . As the length of the hydrating period increased, fewer apical meristems had suffered damage, with shoots from the 21-27-d hydrating period retaining more than 90% of their viable apices ( fig. 5 ). Both biomass (P < 0:01) and hydrating treatment (P < 0:001) had a significant effect on total regenerative shoots produced, but CO 2 treatment did not (P > 0:4). Control plants had significantly higher shoot totals than did any of the hydrating treatments (days 3-24, P < 0:01; day 27, P < 0:05; fig. 6 ).
Only biomass had a significant effect on protonemal presence (P < 0:04) and basal bud presence (P < 0:05; fig. 1F ), with larger green zones resulting in a higher likelihood of producing protonemata and basal buds. Time to basal bud emergence was also affected only by biomass (P < 0:05), while time to protonemal emergence was affected by both biomass (P < 0:01) and the hydrating treatments (P < 0:05). CO 2 treatment had no effect on protonemal and bud appearance.
Dehydrin Content
Syntrichia caninervis TCA-precipitated protein extracts contain a single protein that cross-reacts with the commercially available dehydrin antibody. This dehydrin has a relative migration of ;85,000 Da, as compared with a known protein standard ( fig. 7A ), and has a relative migration similar to that of the major dehydrin from Syntrichia ruralis isolated by the same procedure (data not shown). In an attempt to concentrate the dehydrin in the extracts so as to maximize the effectiveness of our assay and to overcome the limitation of small sample sizes (number of available ramets), we tried to make use of the solubility of dehydrins at boiling temperatures. The rationale was that by boiling the extracts, many of the contaminating proteins would precipitate and the supernatant would be enriched for dehydrins. Unfortunately, as can be seen in lanes 3 and 6 ( fig. 7A ), although the dehydrin cross-reacting protein remained in the supernatant, much of it was lost in the process. Thus, for the large-scale semiquantitative dot blot analysis, which allowed for a large sample size and four replications, total protein extracts were used. Dehydrin contents of the S. caninervis extracts were quantified by comparing the intensity of the ''dots,'' using image analysis software, to the intensity of ''dots'' taken from a large-scale S. ruralis boiled protein extract dilution series of known protein concentration run on each dot blot nitrocellulose membrane. Syntrichia ruralis allowed us to calculate relative dehydrin levels in each S. caninervis sample and to normalize for cross-membrane variation.
The results of this analysis indicated that field CO 2 treatments had no significant effect (P > 0:5) on dehydrin content following the hydrating treatments. Hydrating time, however, had a significant negative effect on dehydrin content of the shoots (P < 0:01, adjusted R 2 ¼ 0:06; fig. 7B ).
Discussion
When plants hardened to stress are exposed to recovery conditions (ample moisture, light, and nutrients), tissues gradually become vulnerable to external stresses such as freezing temperatures, high temperatures, or desiccation, a process known as dehardening. In seed plants, this dehardening phase (to heat tolerance) is evident after 10-50 h (Kappen 1981) . In bryophytes, this dehardening process is estimated to occur over the first 2-7 d of recovery from a prior wet heat or desiccation stress event (Schonbeck and Bewley 1981b; Beckett 1999) , Fig. 3 Percentage of shoots exhibiting fungal attack in Syntrichia caninervis plants that were allowed to deharden ðremain hydrated in lab culturesÞ from 3 to 27 d, rapidly dried ð<1 hÞ, and then rehydrated for 56 d; elevated and ambient CO 2 treatments combined. The n values are given parenthetically. Fig. 4 Degree of shoot burning ðchlorosisÞ observed in Syntrichia caninervis plants that were allowed to deharden ðremain hydrated in lab culturesÞ from 3 to 27 d, rapidly dried ð<1 hÞ, and then rehydrated for 7 d; elevated and ambient CO 2 treatments combined. Mean 6 1 SE; the n values are given parenthetically. 338 with the assumption that plants hydrated under recovery conditions are completely dehardened to stress after four or more days (demonstrated to occur in the thalloid liverwort Exormotheca; Hellwege et al. 1994 ). However, although researchers have noted that dehardening to DT occurs and may coincide with a resumption of growth in bryophytes (Dilks and Proctor 1976b) , studies exploring the variation in dehardening response beyond 4 d in fully DT species are absent, prompting the current investigation. The potential dehardening period was extended to 27 d for Syntrichia caninervis, with an RD stress applied at 3-d intervals from day 3 to day 27, monitoring the degree of shoot chlorosis (burning), the viability of shoot apical meristems, the regenerational capacity of shoots and protonema, the incidence of fungal attack of shoots compared with undesiccated controls, and the dehydrin protein content of the shoots.
Our findings place the period of maximum dehardening for desiccation stress in S. caninervis at from 3 to 9 d, with longer periods of time resulting in an attenuation of damage from an RD event. In some responses (shoot burning, apical meristem viability, vulnerability to fungal attack), shoots allowed to rehydrate for 21-27 d showed a response not unlike that of the untreated controls, indicating that the plants were not in the dehardened state but had regained a degree of constitutive DT. Our first hypothesis, that the dehardening period extends indefinitely beyond 3 d, is therefore rejected, and a reevaluation of the dehardening phenomenon for full DT in mosses in light of known mechanisms of DT is necessary. Based mostly on studies with Syntrichia ruralis, DT in mosses can be understood with respect to a constitutive component and a rehydration-induced repair component, both of which may require substantial energy (Bewley and Oliver 1992; Oliver et al. 1998) . In previous studies of dehardening to desiccation stress (including this experiment), bryophytes were either collected from the field in a desiccated state or allowed to air-dry in the laboratory (Schonbeck and Bewley 1981b) prior to experimentation. Upon rehydration, plants are expected to enter a recovery phase, wherein rehydrationinduced repair mechanisms characterized by elevated respiration rates (Tuba et al. 1996) are rapidly put into play. During the first 2 h of rehydration in S. ruralis, synthesis of 25 hydrin proteins is terminated or substantially decreased, and the synthesis of 74 rehydrin proteins is initiated or substantially increased (Oliver 1991) . Damage recovery during the first few days of rehydration from either an SD or an RD event is significant, consisting of repair to organelles, internal and external membranes, and the photosynthetic apparatus, and is known to reduce chlorophyll content and subsequent shoot growth (Bewley 1995) .
In seed plants, frost dehardening is accompanied by declining dehydrin levels, with proteases probably targeting dehydrins during periods of higher temperatures and lengthening photoperiods, causing a preferential degradation of these proteins (Arora et al. 2004; Kalberer et al. 2007 ). We postulate that the apparent desiccation dehardening process attributed to fully DT bryophytes is misapplied and is better considered a recovery phase. Further, extended ''dehardening'' to desiccation stress is not supported by our data. Instead, the period of hydration beyond 9 d and extending to 27 d is actually characterized by a hardening to desiccation stress in the absence of an external hardening cue such as partial dehydration of tissues. This is understood with respect to known constitutive DT mechanisms in bryophytes. Two major dehydrins are produced by S. ruralis; these are present in the hydrated state and are not inducible by rapid or slow drying (Bewley et al. 1993) . Thus, proteins that may help to accommodate water loss are constitutive, and, in fact, dehydrins appear to decrease during slow drying in both S. ruralis and Thuidium delacatulum (Oliver et al. 1998) . Immediately following rehydration, plants of S. caninervis are highly vulnerable to stress (in a partially dehardened state) because they are invoking a complex set of repair protein synthesis (hydrins and especially rehydrins) necessary for cellular repair (Velten and Oliver 2001) . As estimated by photosynthetic rates, this repair or recovery period can last for at least 48 h (Proctor et al. 2007a) , and growth data given here indicate that this period may last several days.
Unlike sucrose levels, which are steady through drying and rehydration in S. ruralis (at ;10% dry weight of shoots; Smirnoff 1992; noting that ABA treatment increases soluble sugars upon desiccation in Atrichum; Mayaba et al. 2001) , we predicted that dehydrins should fluctuate from low levels during the first few days of rehydration to gradually increasing levels as the rehydration time extends to 27 d. This prediction is consistent with the finding that ABA induces the synthesis of protective proteins during normal hydration of Atrichum shoots (during an experimental pretreatment phase) rather than during desiccation or rehydration (Beckett 2001) . Over the course of 27 d, the experimental plants recovered from a compromised condition to a state that approaches that of the control plants with respect to DT. We expected to see changes in dehydrin protein levels that would parallel this recovery and provide a possible mechanism for how the plants recover. However, the relationship found between recovery time and dehydrin level was the opposite that would be expected if these proteins were responsible for the recovery observed in these plants. It should be noted, however, that over the last 9 d of the dehardening period (days 18-27), dehydrin level was essentially flat (did not decline; fig. 7B ), which indicates a relatively high level of dehydrin present after a considerable dehardening time. Such a trait is consistent with the expected response of a constitutively DT species. There is a caveat to our analysis. Using the commercial antibody, in contrast to the antibody available to Bewley et al. (1993) , we were able to detect only the high-molecular mass dehydrin in S. caninervis samples under our experimental conditions. One could argue that the amounts of the low- Fig. 7 A, Western blot of dehydrin protein levels in Syntrichia caninervis. Total protein extracts were separated by SDS-PAGE in 12%-20% gradient gels, blotted, and exposed to dehydrin antibody. Cross-reacting proteins were exposed by use of a chemiluminescence-tagged secondary antibody. Lanes 1 and 2, single ramet; lane 3, single-ramet protein extract precipitate following boiling treatment ð100°C for 10 mÞ; lanes 4 and 5, two ramets; lane 6, two-ramet protein boiled extract precipitate. B, Dehydrin content per shoot in S. caninervis plants that were allowed to deharden ðremain hydrated in lab culturesÞ from 3 to 27 d, rapidly dried ð<1 hÞ, and then rehydrated for 56 d; elevated and ambient CO 2 treatments combined. Mean 6 1 SE. The regression of dehydrin content on days dehardened is significantly negative ðt ¼ À3:027Þ. 340 molecular mass dehydrin that we did not detect parallel recovery and that the high-molecular mass dehydrin is not important in the tolerance to desiccation in this moss. It is also possible that some other group of proteins is responsible; however, it seems just as likely that the carbon status of the plants, specifically, sucrose levels (Pence 1998) , is the most important factor. During the dehardening period, these plants were able to build up carbon stores that could later be used for recovery from desiccation. Consequently, we think that the mobilization of carbon stores during both dry-down and recovery deserve more thorough study.
Our finding that elevated CO 2 levels are coupled with higher sex expression is consistent with results from a previous study at the same study site (Brinda et al. 2011) . Shoots of S. caninervis grown under elevated CO 2 were more tolerant of repeated cycles of RD than were shoots grown under ambient CO 2 levels, prompting the hypothesis that surplus C may be reallocated to DT (Brinda et al. 2011) . In this study, negligible differences between field CO 2 treatments were found in regenerational vigor of S. caninervis plants, which can probably be attributed to the milder stress administered in this study coupled with the longer reacclimation time the regenerating shoots had in this experiment. Plants exposed in the field to elevated CO 2 levels for 9 yr and regenerated in this study were more resistant to fungal attack following desiccation stress, suggesting an allocation of surplus C to defense.
Apical meristematic regions may be more susceptible to desiccation stress than thermal stress in bryophytes, even if the thermal stress is carried out under desiccated conditions. Shoot apical meristems of S. caninervis were particularly susceptible to rapid desiccation 3-9 d into the recovery (dehardening) period, with half of the 48 meristems failing to resume growth. Such findings confirm suggestions of apical meristematic susceptibility to desiccation for Polytrichum (Mansour and Hallet 1981) but contrast with the greater sensitivity of basal shoots compared with apical shoots in Atrichum (Beckett 2001). However, shoot apices are known to be the most tolerant gametophytic structure to dry heat stress in both Fontinalis and Syntrichia (Glime and Carr 1974; Stark et al. 2009 ).
As discussed by Beckett et al. (2005) , selection should favor inducible DT mechanisms in environments that desiccate in a predictably slow manner, owing to the potentially high energetic costs of maintaining constitutive mechanisms of DT. However, in xeric environments, where desiccation can be rapid and unpredictable, selection should favor constitutive DT mechanisms. The liverwort Exormotheca holstii cannot tolerate rapid drying and depends on an inducible system of DT, where ABA plays a major role (Hellwege et al. 1994) . Syntrichia caninervis, on the other hand, can tolerate consecutive cycles of rapid drying and depends on a constitutive system of DT. It is a common species of hot and cold deserts of the world, and hydrated patches of S. caninervis may desiccate quickly even during cooler months of the year, with the advent of drying winds. Finding that plants of S. caninervis do not deharden to desiccation after 27 d of continuous hydration but instead harden to desiccation without a partial dehydration treatment is consistent with investment into constitutive mechanisms of DT.
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